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Editor: Jay GanEfforts have beenmade in recent years to improve knowledge about soil greenhouse gas (GHG) ﬂuxes from sub-
Saharan Africa. However, data on soil GHG emissions from smallholder coffee-dairy systems have not hitherto
beenmeasured experimentally. This study aimed to quantify soil GHGemissions at different spatial and temporal
scales in smallholder coffee-dairy farms inMurang'a County, Central Kenya. GHGmeasurementswere carried out
for one year, comprising two cropping seasons, using vented static chambers and gas chromatography. Sixty rect-
angular frames were installed on two farms comprising the three main cropping systems found in the area: 1)
coffee (Coffea arabica L.); 2) Napier grass (Pennisetum purpureum); and 3) maize intercropped with beans (Zea
mays and Phaseolus vulgaris).Within theseﬁelds, chamberswere allocated on fertilised and unfertilised locations
to capture spatial variability. Cumulative annual ﬂuxes in coffee plots ranged from 1 to 1.9 kg N2O-N ha−1, 6.5 to
7.6 Mg CO2-C ha−1 and −3.4 to−2.2 kg CH4 -C ha−1, with 66% to 94% of annual GHG ﬂuxes occurring during
rainy seasons. Across the farm plots, coffee received most of the N inputs and had 56% to 89% higher emissions
of N2O than Napier grass, maize and beans. Within farm plots, two to six times higher emissions were found in
fertilised hotspots – around the perimeter of coffee trees or within planted maize rows – than in unfertilised lo-
cations between trees, rows and planting holes. Background and induced soil N2O emissions from fertiliser and
manure applications in the three cropping systemswere lower than hypothesized fromprevious studies and em-
pirical models. This study supplements methods and underlying data for the quantiﬁcation of GHG emissions at
multiple spatial and temporal scales in tropical, smallholder farming systems. Advances towards overcoming theKeywords:
Carbon dioxide
Nitrous oxide
Methane
Hotspots
Hot moments
Mixed crop-livestock systemsvironmental Sciences, University of Copenhagen, Thorvaldsensvej 40, 1871 Frederiksberg C, Denmark
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emissions development.©2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Agriculture's carbon debt has considerably increased over the past
two centuries (Sanderman et al., 2017). The sector – comprising agricul-
ture, forestry and other land use (AFOLU)− currently contributes about
a quarter of global anthropogenic greenhouse gas (GHG) emissions
(Smith et al., 2014), of which more than a third result from soil GHG
ﬂuxes (Tubiello et al., 2013). Further agricultural expansion and intensi-
ﬁcation, driven by ongoing trends of population increases and dietary
changes, are expected to result in the clearance of an additional one bil-
lion hectares of forest and increase agricultural GHG budgets by up to
80% by 2050 (Tilman et al., 2011). Meeting global food demandwithout
increasing agricultural land and associated GHGs emissions will require
transdisciplinary approaches such as sustainable intensiﬁcation for
yield gaps closure (Mueller et al., 2012); increase resource use efﬁciency
(Foley et al., 2011); soil carbon restoration efforts (Lal, 2004);
minimisation of food waste (Bajželj et al., 2014); and a shifting diets
(Tilman and Clark, 2014), among others.
Crucial agricultural breakthroughs are thus needed to achieve the Sus-
tainable Development Goals (SDGs) agenda (United Nations General
Assembly, 2015). In Africa, targets to end poverty (SDG1) and end hun-
ger, achieve food security and promote sustainable agriculture (SDG2),
are of vital importance given the rapid population growth and rises in
food demand, particularly in sub-Saharan Africa (Van Ittersum et al.,
2016). Increased production largely depends on innovations within the
AFOLU sector, which already releases N60% of the continental emissions
(Valentini et al., 2014). Most of the SSA countries have ratiﬁed the Paris
Agreement and made GHG reduction commitments for low-carbon de-
velopment (UNFCCC, 2016). The lack of empirical data obliges these
countries to report using Tier 1 default emission factors (EFs) (Hickman
et al., 2014a, 2014b; Ogle et al., 2014), whichwere developed from global
average data based primarily on monoculture cropping systems in tem-
perate areas (Hickman et al., 2014a, 2014b; Olander et al., 2014).
Relatively few ﬁeld studies have hitherto measured GHG emissions
in agricultural soils in sub-Saharan Africa (Kim et al., 2016; Rosenstock
et al., 2016a; Pelster et al., 2017). Insufﬁcient, sparse empirical data
present a challenge in evaluating the accuracy of the estimations (Kim
et al., 2016), and may therefore lead to misdirected mitigation or regu-
lation interventions (Rosenstock et al., 2013). For instance, there are no
experimental data on common agroecosystems such as smallholder cof-
fee systems, which in Kenya alone support N600,000 households
(Monroy et al., 2012). Furthermore, the available accounting tools for
carbon footprinting, such as GHG calculators, rely on EFs and empirical
models that have not been calibrated for these regions. Since marketing
low carbon products may beneﬁt smallholder farmers producing global
commodities such as coffee, accurate estimations are needed. Given the
need for more data to inform programming and policy, efforts have re-
cently made to develop harmonised low-cost methods to build EFs and
parameterise models (Rosenstock et al., 2013).
While carbon dioxide (CO2) from soils is produced by plant roots,
soil fauna and microbial respiration, agricultural soils also emit or take
up two major non-CO2 gases: methane (CH4) and nitrous oxide (N2O).
The former is emitted by methanogens under the anaerobic conditions
in submerged soils – mainly in rice cropping systems (Zhang et al.,
2016) – and taken up by methanotrophs in aerobic systems (Le Mer
and Roger, 2001). The latter, N2O, is currently the most important
ozone-depleting gas (Ravishankara et al., 2009). N2O is produced by ni-
triﬁcation and denitriﬁcation in microbial-mediated processes. Nitriﬁ-
cation involves the aerobic oxidation of ammonium (NH4+) to nitrite(NO2−) and nitrate (NO3−) (Webster and Hopkins, 1996), whereas deni-
triﬁcation causes the anaerobic reduction of NO2− and NO3− to N2O and
gaseous nitrogen (N2) (Robertson and Tiedje, 1987). The amount of ni-
trogen cycled, together with environmental parameters such as climate
(e.g. temperature, atmospheric pressure and rainfall) and soil factors (e.
g. soil texture, moisture and oxygen content, drainage, soil organic-C
and pH), control the nitriﬁcation and denitriﬁcation rates (Firestone
and Davidson, 1989; Davidson et al., 2000; Bouwman et al., 2002;
Butterbach-Bahl et al., 2013). Inorganic fertilisers and animal manure
are the major contributors for N2O production (Mosier, 2001).
The inherent heterogeneity of smallholder farming systems makes
the design of GHG sampling approaches complicated (Rosenstock et
al., 2016b). Complex landscapes of small farms,withmultiple farm com-
ponents (e.g. several crops), management practices (e.g. fertilisation)
and seasonal events, accentuate spatial and temporal variabilities of
GHGemissions (hotspots and hotmoments). Hotspots are those precise
spatial locations, within a determined scale (e.g. the landscape level),
which show higher emissions rates than the surroundings (McClain et
al., 2003). N2O hotspots in agricultural ﬁelds depend on the interaction
of nutrient patches and physical factors which controls oxygen diffusion
and consequently denitriﬁcation (Groffman et al., 2009) Thus, the allo-
cation of resources (e.g. N inputs), togetherwith biophysical factors (e.g.
plant and soils), needs to be considered in experimental designs. Hot
moments, however, are temporal events that cause the convergence
of factors (e.g., drying-rewetting) with high emissions rates (Groffman
et al., 2009). Targeting sampling periods within the day, season or
year, under particular weather conditions (e.g. precipitation and tem-
peratures) or farmers' practices (e.g. fertilisation periods), are critical
to overcome temporal variability.
Smallholder mixed farming systems – characterised by the integra-
tion of crops and livestock – are the backbone of African agriculture
(Thornton and Herrero, 2001). The coexistence and redundancy be-
tween different farm components (e.g. crops, livestock, and trees)
allow these systems to diversify farm production, promote resource in-
teractions and increase farm resilience. For instance, livestock manure
plays a crucial role in maintaining soil fertility by recycling plant nutri-
ents removed by different crop residues and fodder (Ruﬁno et al.,
2007). At the same time manure quality depends on livestock feeding
and manure management, which ultimately may affect soil N2O emis-
sions after manure application. In comparison with low-input systems
(Pelster et al., 2015; Rosenstock et al., 2016a), integrated small farms
with high livestock densities have relatively higher N inputs. Although
previous studies havemeasuredGHGat the ﬁeld level, this is an attempt
to upscale at farm-level by stratifying the farm on its different compo-
nents, from the farm to the ﬁeld and then to the speciﬁc location in
the ﬁeld (e.g. fertilised and unfertilised locations) (Fig. 1). Furthermore,
despite the important role of manure as an endogenous resource in Af-
rican smallholder systems, few studies have investigated N2O emissions
from manure handling and application. The present study aims to pro-
vide empirical measurements of soil GHG ﬂuxes at multiple spatial
and temporal scales in smallholder integrated coffee-dairy farms in
Central Kenya.
2. Methods
2.1. Study area
Murang'a County is situated on the eastern slopes of the Aberdare
Mountain Range in Central Kenya, one of the main coffee regions of
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zones in which Arabica coffee (Coffea arabica L.) is cultivated. The pre-
dominant coffee zone is situated in a belt between 1500 and 1800 m.
a.s.l. The land above and below these limits is less suitable or proﬁtable
for coffee production and themajor crops present are tea and food crops
respectively. Average annual rainfall decreases with elevation from
2000 to 1200 mm due to the prevalence of south-east trade winds
(Jaetzold and Schmidt, 1983). Mean annual temperatures increase
from 18 °C in the upper zone to 20.7 °C in the lower areas of the county
(Jaetzold and Schmidt, 1983). Soils are predominantly well-drained,
reddish, deep nitisols (FAO, 1988).2.2. Farming systems
Coffee farms in Murang'a are small (0.7 ha on average) and highly
diversiﬁed (Ortiz-Gonzalo et al., 2017). A typical farm grows Napier
grass (Pennisetum purpureum) as fodder for livestock, maize and beans
(Zeamais and Phaseolus vulgaris, respectively) as staple crops, and coffee
(Coffee arabica L.), banana (Musa sp.) and short-cycle vegetables as cash
crops. Agroforestry shapes the landscape in Murang'a. Fruit and indige-
nous multipurpose trees are usually found in home gardens, whereas
fast-growing exotic trees commonly delimit the farmperimeter (mainly
Grevillea robusta) or are planted in woodlots (mainly Eucalyptus sp.).
Zero-grazing herds of improved dairy cow breeds, goats and sheep
are present on almost all farms. Besides its economic and social func-
tions, livestock contribute to nutrient cycling within the farm. Crop res-
idues and fodder are collected to feed the animals in a “cut and carry”
system.Manure is collected from the stall and stored usingdifferentma-
nure storage systems. Although the most common method of storing
manure is in heaps or pits, some farmers leave the manure in the stalls
for long periods of time (unmanaged), while other farmers with sufﬁ-
cient capital build biodigesters. After storage, manure is then recycled
to the cropping systems, which makes East African coffee systems
unique in sourcing N inputs and incorporating considerable amount of
organic matter into soils.Fig. 1.A typical smallholder crop-livestock farm inMurang'a.Whole-farmGHG sampling design
ﬁelds within the farm, between fertilised and unfertilised locations within ﬁelds).2.3. Farm selection
From the 125 households surveyed (see Ortiz-Gonzalo et al., 2017),
two farms were selected for an observational study on soil GHG emis-
sions over the course of two cropping seasons, one year (0°40′52″S –
36°59′13″E). To be representative of the main coffee zone, and thus to
include a number of farm components, the following criteria were met
by the two farms: 1) a zero-grazing system with integrated manure
management, preferably in heaps; 2) a livestock herd of between 1
and 5 tropical livestock units (TLU); 3) arable land area of between 0.5
and 1 ha, with at least one plot of Napier grass and another plot of
maize and beans (intercropped), with rotation between Napier grass
andmaize every fewyears; and4) aminimumof 0.2 ha of Arabica coffee
(coffee producers) established for N 20 years. Importantly, willingness
to participate (due to the presence of chambers in their ﬁelds andmon-
itoring of farm management) was also taken into account.
The ﬁrst farm selected, “Thara” (which means napier grass in Ki-
kuyu), is a farm focused on dairy, with 4 TLU and 0.8 ha of farm arable
land, where the coffee area has been reduced over the last few years
in favour of Napier grass production. The second farm selected,
“Kahua” (which means Arabica coffee in Kikuyu), is a farm that is fo-
cused on coffee, with fewer livestock than the ﬁrst farm (1.5 TLU) and
0.5 ha of arable land. Both farmers are associated with a coffee cooper-
ative which provides best practices recommendation (Table S1, supple-
mentary material). Farm management was followed throughout the
year, especially with regard to the application of manure and inorganic
fertiliser throughout during the two cropping seasons.
2.4. Soil characterisation
Soil sampleswere takenwith a 5-cmdiameter auger to 20 cmdepth.
In each of the plots, two composite samples were produced from
fertilised and unfertilised locations. The fertilised composite consisted
of 18 well-mixed samples taken within planted rows/holes or around
coffee plants. The procedure was repeated for the unfertilised compos-
ite, but with sampling undertaken between planted rows/holes ors shoud capture the spatial distribution of crops and nutrients use (between farms, among
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from nine coffee plots in the region.
Soil textureswere determined by Laser Diffraction Particle SizeAnal-
ysis (LDPSA, Horiba LA-960) at the ICRAF's Soil and Plant Diagnositic
laboratory in Nairobi, Kenya. Soils sampleswere analysed usingmid-in-
frared spectroscopy (MIRS, Tensor 27 HTS-XT). Calibration spectral
models from ICRAF's database of N100 samples were used with the re-
sultant spectra of the soil samples predicting soil attributes. Random
forest (RF) algorithms were used to chemometrically estimate these at-
tributes (Table 1).
2.5. Field soil GHG sampling
Soil CO2, N2O andCH4ﬂuxesweremeasured over a 12-month period
from 22 February 2015 to 22 February 2016 and included two cropping
seasons. Gas samples were collected twice a week during the rainy sea-
son and once aweek during the dry season. Fertiliser andmanure appli-
cations were followed by daily measurements over the course of seven
days. Gas samples were collected in the ﬁeld using vented (non
ﬂowthrough non-steady state) static chambers (Hutchinson and
Mosier, 1981; Parkin and Venterea, 2010). Sixty rectangular frames
(0.355m× 0.255m) were inserted 5–10 cm into the soil – as chamber
bases – on three ﬁelds/plots on each farm: coffee, maize intercropped
with beans, and Napier grass. The chamber bases were placed in precise
locations with and without fertilisation, matching the farmers' resource
allocation. In each coffee plot, ﬁve frames for chambers were installed
between the trees (unfertilised treatment) and ﬁve under the drip-
line (2-m radius) of the coffee tree (fertilised treatment). In maize and
bean plots, ﬁve chambers were installed between the rows
(unfertilised) and ﬁve within the rows (fertilised). Lastly, on each Na-
pier grass plot, ﬁve chambers were installed between the plants
(unfertilised) and another ﬁve within the rows (fertilised). Chamber
bases were left in place for the year of measurements, except when
they needed to be replaced (i.e. broken base) or when labour practices
such as tillage required their removal. They were then reinstalled in
the same location.
On each sampling date, an opaque, reﬂecting and insulated lid
(0.355 m × 0.255 m × 0.125 m) was tightly ﬁtted to the base. Air sam-
ples were collected from the headspace 0, 10, 20 and 30 min after clos-
ing using a propylene syringe (50 ml) through a rubber septum.
Following the gas pooling procedure of Arias-Navarro et al. (2013), a
sample of 10 ml was taken from each of the ﬁve chambers of the treat-
ment. The combined 50mlweremixed in the syringe, keeping the valve
closed. Immediately afterwards, the ﬁrst 20 ml of the sample from the
syringe was used to ﬂush the 20-ml sealed glass vials using a second
needle through the rubber septum. The second needle was then re-
moved and the ﬁnal 30 ml were transferred into the vial. The 10 ml
overpressure (50% vial capacity) minimised the risk of contamination
and facilitated gas uptake by the chromatograph. Auxiliary measure-
ments during each sampling event included chamber volume, air tem-
perature in the chamber, soil temperature, atmospheric pressure
(Garmin GPSmap 64 s), and daily rainfall (rain gauge).Table 1
Soil properties in Thara and Kahua farms.
Bulk density
(g cm−3)
pH C (%)
Cropping system Treatment Thara Kahua Thara Kahua Thara Ka
Coffee Fertilised 1.11 1.17 4.75 5.53 1.95 2.4
Unfertilised 1.12 1.18 4.96 5.42 1.91 2.1
Maize & beans Fertilised 1.14 1.08 5.08 5.27 2.17 1.8
Unfertilised 1.13 1.12 5.01 5.27 2.20 1.9
Napier Fertilised 1.19 1.19 5.26 5.29 2.06 1.9
Unfertilised 1.07 1.28 5.22 5.21 2.08 1.92.6. Laboratory soil GHG incubations
We hypothesized that manure coming from different manure man-
agement systems (MMS) affects soil N2Oﬂuxes. Therefore, a parallel soil
incubation experiment was carried out in the laboratory over a 42-day
period.Manurewas gathered from fourMMS: unmanaged (nomanage-
ment), heaps (solid storage), pits (combination of solid and liquid
slurry) and biodigesters (digestate resulting from anaerobic digestion).
Three farms were sampled for each MMS (12 farms in total). Further-
more a synthetic fertiliser (calcium ammonium nitrate – CAN 25%)
treatment was included (soil + CAN), along with a combination of ma-
nure (heaps) + synthetic fertiliser (CAN), mimicking the practices of
local farmers. The incubation set-up consisted of 15 treatments each
with four replications (N= 60).
The experimental soil (collected from 9 coffee plots in the ﬁeld site)
was sieved (2 mm) and air-dried for 1 week before the start of the ex-
periment, and pre-incubated at experimental conditions for 48 h (75%
of ﬁeld capacity and 25 °C). Soil water content was kept constant during
the experiment. Sixty 820-ml cylindrical glass jars were prepared with
400 g of soil at a bulk density of 1.26 g cm−3. The manure treatments
consisted of 55 g manure, whereas the fertiliser treatments received
1 g CAN. These amounts were calculated based on the coffee
cooperative's recommendations.
GHGswere sampled every day during the ﬁrstweek, and every three
days thereafter. The jar was closed and immediately afterwards a 50-ml
propylene syringe was introduced through the rubber septum. The air
was sucked up to the maximum syringe capacity and reintroduced
into the jar to help mix the gases. Subsequently, a 15-ml air sample
was taken from the jar and introduced into 10-ml vials. The process
was repeated four times: at time 0 (immediately after the jar was
closed), time 1 (20 min), time 2 (40 min) and time 3 (60 min). Room
temperature was maintained at a constant 25 °C throughout the
experiment.
2.7. Gas chromatography
Vials were analysed by gas chromatography on an SRI 8610C gas
chromatograph (9' Hayesep D column) ﬁtted with a 63Ni-electron cap-
ture detector (ECD) for N2O (with pure N as carrier gas) and a ﬂame
ionisation detector for CH4 and CO2, after passing the CO2 through a
methaniser. Calibration vials of knownN2O, CH4 andCO2 concentrations
were introduced into the chromatograph tray every 5 to 8 samples. The
relation between the peak area from the calibration gas and its concen-
tration was used to determine the N2O, CH4 and CO2 concentrations of
the chambers and jar headspaces.
2.8. Crop yield
In order to estimate crop production, both harvest units and whole
plot harvests were sampled. Yields from individual coffee trees within
rows were weighed during harvesting in June–July and November–De-
cember. Farmers were asked for their fresh coffee yields after the coffeeTexture (%)
N (%) Clay Silt Sand
hua Thara Kahua Thara Kahua Thara Kahua Thara Kahua
7 0.20 0.25 86.7 83.7 8.0 9.2 5.3 7.1
5 0.18 0.21 86.7 83.7 8.0 9.2 5.3 7.1
9 0.20 0.19 87.8 88.6 7.6 9.4 4.6 2.0
1 0.22 0.19 87.8 88.6 7.6 9.4 4.6 2.0
9 0.20 0.20 74.9 86.2 13.8 6.9 11.2 6.9
6 0.20 0.20 74.9 86.2 13.8 6.9 11.2 6.9
332 D. Ortiz-Gonzalo et al. / Science of the Total Environment 626 (2018) 328–339berries had been weighed in the coffee cooperative. Similarly, whole-
plot production of maize and beans was recorded after the plots were
harvested and estimated in small parcels of 2 × 2m inside the plot dur-
ing harvesting for triangulation.
2.9. Data analysis
There is no consensus on the best method to calculate GHG ﬂuxes
from static chambers (Venterea et al., 2009). Though linear models
can underestimate GHG ﬂuxes if the underlying empirical data is non-
linear, nonlinear models can also be very sensitive to sampling errors
and outliers (Hutchinson and Mosier, 1981; Venterea et al., 2009).
Given our aim of ﬁnding differences at temporal (e.g. wet and dry sea-
sons) and spatial scales (e.g. fertilised vs unfertilised), we selected a lin-
ear scheme with an appropriate deployment times and chamber
heights to reduce non linearity. Fluxes were thus calculated using linear
regression of gas sample concentrations versus closure time of the
chambers. Auxiliary measurements of headspace volume, internal tem-
perature and ambient pressurewere used according to the ideal gas law
to convert concentrations into mass per volume. Calculations were au-
tomated using KNIME workﬂow (KNIME 2.9.2 software GmbH, Ger-
many). The ﬂux equation programmed in KNIME can be found below
(Eq. 1).
Flux μgm−2h−1
 
¼ m∙Mw∙Vch∙60∙10
6
Ach∙VM ∙10
9 ð1Þ
where “m” is the slope, as the increase or decrease in concentration (ppb
or ppm min−1), “Mw” is the molecular weight of the component
(g mol−1), “Vch” is the volume of the chamber (m3), “Ach” is the area
of the chamber (m2) and “VM” is the corrected standard gaseous molar
volume (m3 mol−1).
Cumulative GHG ﬂuxes were calculated with the R package ﬂux,
which includes several functions for the estimation of GHG ﬂuxes
rates from closed-chamber concentration measurements (FLUX pack-
age, R 3.3.1). The function auc() integrates the curve formed by the
ﬂuxes of N2O, CH4 and CO2 versus time, following the trapezoid rule.
This provides the area under the curve\\or cumulative ﬂux\\which
was calculated for the whole year, for two cropping seasons (March to
September and October to February), and for wet (long rains from
March to June and short rains fromOctober tomid-January) and dry pe-
riods (mid-January to March and July to September). CO2 equivalent
was calculated using the 100-year global warming potential (GWP)
with inclusion of climate–carbon feedbacks (value of 298 for N2O).
Only cumulative N2O emissions were included in the estimation of the
coffee carbon footprint. Emission factors (EFs) were derived from N in-
puts and cumulative ﬂuxes for 40 days after the fertilisation event (Eq.
2):
EF ¼ N2O−Nfertilised
 
− N2O−Nunfertilised
  
∙100
Napplied
ð2Þ
where “N2O- Nfertilised” is the cumulative emission of N2O (kg N2O-N)
from the speciﬁc area fertilised or from the incubation treatment,
“N2O- Nunfertilised” is the cumulative emission from the unfertilised area
or the incubation control, and “Napplied” is the inputs of N in the speciﬁc
treatment (kg N).
Upscaling of GHGmeasurements to ﬁeld andwhole-farm scales was
performed using the information in Table 2 (area under different treat-
ments). Statistical analyses were carried out to identify spatial and tem-
poral variabilities – hotspots and hot moments – considered
respectively as spatial patches and temporal events which result in sig-
niﬁcantly higher emissions than the immediate surroundings (between
farms, among ﬁelds within farms, and between fertilised and
unfertilised locations within ﬁelds) and time periods (between
cropping seasons, wet and dry periods). Seasonal differences and theeffect of management (fertilised vs unfertilised) were assessed using
the non-parametric Mann-Whitney-Wilcoxon (wilcox.test () in R, ver-
sion 3.3.1). Two-way analysis of variance (ANOVA, aov () in R) was
used to test the interaction between crops and wet/dry periods or
ﬁrst/second season.
In the case of the incubations, one-way ANOVA (aov in R) was car-
ried out together with the t-test (t.test() in R). Cumulative emissions
were previously log-transformed after the Kolmogorov-Smirnov test
for normality. Correlations between N2O ﬂuxes and manure properties
in the incubations were tested using Pearson correlation (cor.test () in
R).
3. Results
3.1. Farm management
The management practices on both farms are shown in Table 2. The
allocation of N resources, mainly throughmanure and fertiliser applica-
tions, is one of themain variables for predictingGHGemissions. The cof-
fee systems received most of the manure, speciﬁcally 78–89% of total
manure on Thara and 87–88% on Kahua. The maize and beans plot re-
ceived 11% and 12% of the total manure on Thara and Kahua respec-
tively. The Napier grass plot received manure only on Thara (9% of the
total manure) during the ﬁrst season, whereas on Kahua the farmer
did not apply manure to the Napier grass at all during the year. Total
manure application was higher during the long rainy season than dur-
ing the short rainy season. Thara, with 0.8 ha of arable land, received
an absolute amount of 59 and 42 kg of N in the ﬁrst and second season
respectively, whereas Kahua received 53 and 36 kg of N in 0.5 ha of ar-
able land. The relatively similar amounts of manure on both farms, de-
spite differences in livestock densities, were due to Kahua purchasing
manure tomeet coffee cooperative recommendations onmanure appli-
cations. Imported N fertiliser wasmainly applied to coffee plots (84 and
93% on Thara and Kahua respectively). The remaining fertiliser was ap-
plied tomaize plots. TheNapier grass plots did not receive any inorganic
fertiliser on either farm. An amount of 30 and 31 kg N in the long rainy
seasonwas applied on Thara andKahua, respectively. The second season
accounted for an additional amount of 19 and 23 kg N on Thara and
Kahua. Nitrogenﬂuxeswithin the farmswerewell represented bynutri-
ent ﬂows maps (Fig. S1, supplementary material).
3.2. Field soil GHG ﬂuxes
3.2.1. N2O ﬂuxes
Fluxes of N2O varied spatially and temporally throughout the two
cropping seasons (Fig. 2). The different shape of the N2O curves
among the three cropping systems – coffee,maize and beans andNapier
grass – indicates spatial variability at farm-scale. Downscaling, the plot-
scale spatial variability is shown between fertilised and unfertilised
areas. The Mann-Whitney U test showed differences between fertilised
and unfertilised locationswithin coffee (P b 0.001) andmaize and beans
plots (P b 0.001). Average N2O emissions around fertilised coffee trees
were 26 and 43 μg N2O-N m−2 h−1 on Thara and Kahua respectively.
Emissions from unfertilised areas (between coffee trees) accounted for
just 20% of those from fertilised areas on Thara (5 μg N2O-N m−2 h−1)
and 33% on Kahua (15 μg N2O-N m−2 h−1). Maize plots registered
lower average emissions than coffee plots, with 7 to 11 μg N2O-
N m−2 h−1 in fertilised planted rows and 1.7 to 3.3 μg N2O-
N m−2 h−1 in unfertilised inter-rows on Thara and Kahua respectively.
The Napier grass plots did not present differences between fertilised
and unfertilised areas (P b 0.07). Areas receiving manure inputs in
Thara's Napier grass plot produced an average emission of 12 μg N2O-
N m−2 h−1, whereas Kahua – which did not receive manure in that
year – emitted on average 3 μg N2O-N m−2 h−1.
The temporal variability in N2O emissions occurred throughout the
seasons, dry and wet periods and fertilisation calendar (Table 2).
Table 2
Cropping systems and microsite description.
Cropping
system
Treatment Microsite description Fertilisation Percentage of
the plot (%)
Thara Kahua Thara Kahua
Coffee Fertilised Application of manure and fertiliser
around coffee trees (2 m radius)
March & October: a wheelbarrow of manure
around coffee tree at 10.9 and 8.8 t DM ha−1
May: glass of CAN per coffee tree at 417 kg
CAN ha−1
November: glass of NPK per coffee tree at 370
kg NPK ha−1
March & October: a wheelbarrow of manure
around coffee tree at 9.7 and 6.7 t DM ha−1
April & November: glass of NPK per coffee
tree at 317 kg NPK ha−1 and 345 kg ha−1
62 65
Unfertilised Corridors and spaces between coffee
trees without fertiliser application
– – 38 35
Maize &
beans
Fertilised Application of manure and fertiliser
in planting rows or holes
March & October: buckets of manure in rows
at 5.8 and 3.6 t DM ha−1
April: handful of CAN per plant at 112 kg ha−1
May & December: handful of DAP at 226 and
114 kg ha−1
Jan: handful of urea per plant at 114 kg ha−1
March & October: two handfuls of manure in
holes at 8.2 and 5 t DM ha−1
May & December: handful of CAN per plant at
94 and 100 kg ha−1
June: handful of DAP per plant at 115 kg ha−1
15 15
Unfertilised Rows and spaces between plants
without inputs
– – 85 85
Napier
grass
Fertilised Application of manure in plant holes
– no inorganic fertiliser registered
May & December:
handful of manure in plant holes at 4.4 and 3.8
t DM per ha−1
No fertilisation during the sampling period 9 8
Unfertilised Areas between plants without
organic or inorganic inputs
– – 91 92
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second growing seasons (P = 0.34), wet periods had signiﬁcantly
higher emissions than dry periods (P b 0.001). Patterns were similar
in both farms. In the second half of March, N2O emissions increased
with the ﬁrst rains of the season. The higher peaks of N2O after soil
rewetting were observed on Thara's coffee and Napier grass plots,
with 72 and 52 μg N2O-N m−2 h−1 respectively. Farmers took advan-
tage of the ﬁrst rains to prepare the land and applymanure. Manure ap-
plications to Thara's coffee trees, in combination with wet conditions,
caused a peak of 135 μgN2O-Nm−2 h−1 inmid-April followed by an ap-
plication of NPKwith a peak of 90 μg N2O-Nm−2 h−1 by the end ofMay.
OnKahua, manure and inorganic fertiliser applied over a short timepro-
duced the highest peak observed in the experiment, with a value of 570
μg N2O-Nm−2 h−1 in earlyMay. Emission peaks in themaize and beans
and Napier grass plots were lower than those in the coffee plots. The
highest peak registered in maize and beans was on Kahua after CAN
fertilisation, with a value of 102 μg N2O-N m−2 h−1. Thara's Napier
grass plot, after receivingmanure, registered the highest peak of Napier
grass plots with a value of 80 μg N2O-N m−2 h−1 in May. Peaks during
the second cropping seasonwere lower inmagnitude, but followed sim-
ilar trends. The rewetting of the soil occurred in October, at the start of
the second cropping season. The cycle was repeated with manure and
fertiliser applications and the consequent peaks in N2O emissions.
Negative N2O ﬂuxes were found in all cropping systems throughout
the year. The highest N2O uptake was found in the unfertilised areas of
Kahua's maize and beans plot, with−12.74 μg N2O-Nm−2 h−1 in April.
Thara's fertilised maize and bean areas registered negative ﬂuxes below
−9 μg N2O-Nm−2 h-1 in August, as well as unfertilised areas in Kahua's
Napier grass plot in April and August. N2O uptake rates below −5
μg N2O-N m−2 h−1 in maize and bean plots were common between
July and September, regardless chambers position in fertilised or
unfertilised areas. The space between trees in coffee plots (unfertilised)
registered negative ﬂuxes below−2 μg N2O-N m−2 h−1 in June, July
and August, whereas in the areas adjacent to the coffee plants
(fertilised) this occurred in August.
3.2.2. CH4 ﬂuxes
CH4 ﬂuxes ranged between −0.96 and 0.88 mg CH4-C m−2 h−1.
However, most of the measurements were negative or close to zero
(Fig. 3). Fertilised and unfertilised areas presented no differenceswithincoffee plots (P= 0.28), maize and bean (P= 0.26) and Napier grass (P
= 0.49). Average ﬂuxes in coffee plots accounted for −0.04 to
−0.02 mg CH4-C m−2 h−1 on Thara and −0.05 to −0.03 mg CH4-
C m−2 h−1 on Kahua. Maize and beans plots registered average ﬂuxes
of −0.04 to −0.03 mg CH4-C m−2 h−1 on both farms. The Napier
grass plots averaged−0.04 to−0.05 mg CH4-C m−2 h−1.
3.2.3. CO2 ﬂuxes
Fluxes of CO2 followed a similar trend to N2O in the three cropping
systems (Fig. 4). A ﬁrst peak occurredwith the Birch effect, immediately
after the rewetting of the soil with the ﬁrst rains in March (Birch and
Friend, 1956). CO2 ﬂuxes generally stayed high during the long rainy
season. A drop in CO2 ﬂuxes indicated the dry period from July to Sep-
tember. A new peak in October showed the rewetting of the soil. Signif-
icant differences were found between dry and wet periods (P b 0.001).
During thewet periods, CO2 emissions remained high, ranging between
90 and 320 mg CO2-C m−2 h−1. During the dry periods, CO2 emissions
reached minimum rates (21–56 mg CO2-C m−2 h−1). Fertilised loca-
tions registered higher ﬂuxes than unfertilised locations (P b 0.001). Av-
erageﬂuxes in fertilised locationswere above 100mgCO2-Cm−2 h−1 in
all plots, while in unfertilised locations they were below 90 mg CO2-
C m−2 h−1.
3.3. Cumulative emissions
3.3.1. N2O emissions
Differences in cumulative emissions were found between cropping
systems at farm scale (F value = 9.2, P = 0.01), between dry and wet
periods (F value = 31.7, P b 0.001), and in the interaction between
cropping systems and dry-wet periods (F value = 5.8, P = 0.03).
Table 3 presents a heat map for visual interpretation of ﬂuxes, where
darker colours indicate hotspots and hot moments at multiple scales.
Coffee systems registered the highest annual cumulative emissions. Be-
tween 84% and 94% of the N2O emissions occurred during the wet pe-
riod. In the case of Kahua, most of the coffee plot emissions were
concentrated in the ﬁrst rainy season, whereas on Thara emissions
were more homogeneously distributed during the year. With
0.69 kg N2O-N ha−1, the Napier grass plot of Thara registered the third
highest cumulative emissions after the two coffee plots. Lastly the plot
of maize and beans registered cumulative emissions with values of
Fig. 2. Soil GHG emissions of N2O in three cropping systems (coffee, maize – with beans intercropped – and Napier grass) on Thara and Kahua. Fertilised and unfertilised locations are
represented by colour points linked by a line (fertilised) or a dashed line (unfertilised). Arrows on the top of the curves indicate N inputs. Grey bars in the bottom graphs show daily
precipitation.
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the dry periods, however, the maize and beans plots of both farms reg-
istered negative cumulative emissions of −0.01 and −0.02 kg N2O-
N ha−1.
3.3.2. CH4 emissions
Soils were mainly sinks of CH4 throughout the experiment. By the
end of the experiment, these small hourly ﬂuxes resulted in cumulativeFig. 3. Soil CH4 emissions in three cropping systems (coffee, maize –with beans intercropped –
by colour points linked by a line (fertilised) or a dashed line (unfertilised). Grey bars in the boannual ﬂuxes ranging from−4.17 to−2.22 kg CH4-C ha−1 y−1 (Table
3). No signiﬁcant differences were found between crops (F value= 1.2,
P=0.34). However, methane oxidationwas higher during thewet sea-
son than in the dry season (F value=44.2, P b 0.001), with signiﬁcantly
higher uptake in the second season as well (F value = 23.5, P b 0.001).
No interactions were found between crops and the wet/dry period (F
value = 0.19, P= 0.82) or between crops and the ﬁrst/second season
(F value = 1.3, P= 0.32).and Napier grass) on Thara and Kahua. Fertilised and unfertilised locations are represented
ttom graphs show daily precipitation.
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Cumulative emissions of CO2 (Table 3) were three to four times
higher during the wet season than in the dry season (F = 115.5, P b
0.001). Similarly, signiﬁcant differences were found between the ﬁrst
and second season (F = 115.5, P b 0.001). The ﬁrst rainy season regis-
tered on average 40% higher emissions than the second rainy season.
Between cropping systems, Thara's Napier grass plot and Kahua's coffee
plot accounted for the largest value of CO2 emissions within the whole
year, however, no signiﬁcant differences were found between cropping
systems (F value = 4.6, P= 0.05). No signiﬁcant interactions occurred
between crops and the wet/dry period (F value = 2.4, P= 0.17) or be-
tween crops and the ﬁrst/second season (F value = 0.8, P= 0.46).
3.4. Laboratory incubations
Although manure characteristics did not differ between MMS, a
strong correlation was found between the initial manure NH4 content
and cumulative emissions (R2 = 0.81, P b 0.05), a positive correlation
between manure water content and cumulative emissions (R2 = 0.64;
P b 0.05) and a negative correlation between C/N ratio and cumulative
emissions (R2=0.39, P b 0.05) (Tables S2 and S3; Figs. S2 and S3 in sup-
plementary material).
3.5. Yields and coffee yield-scaled emissions
Maize yields on Thara and Kahua were, respectively, 1.9 and
2.2 t ha−1 in the ﬁrst cropping season and 3.2 and 3.4 t ha−1 in the sec-
ond cropping season. Beans, intercropped with maize, accounted for
yields of 1.1 on Thara and 1.4 t ha−1 inKahua in theﬁrst cropping season
and 0.8 and 1.3 t ha−1 in the second cropping season.
Thara and Kahua's coffee harvest by the end of the year resulted in
yields of 5.8 and 7.2 t coffee berries ha−1 respectively, making it one
of the best years for the farmers. The ﬂowering at the onset of the
short rainy season led to a “small harvest” in June–July. However, the
main ﬂowering occurred after the ﬁrst rains in March, with 76% to 78%
of the coffee berries being harvested in November–December. TheseFig. 4. Soil CO2 emissions in three cropping systems coffee, maize – with beans intercropped
represented by colour points linked by a line (fertilised) or a dashed line (unfertilised). Grey byields resulted in a carbon footprint of 0.08 to 0.15 kg of CO2 eqkgof cof-
fee berry−1.4. Discussion
In recent years, a number of studies have carried out soil GHGmea-
surements to enhance our understanding of hitherto uncertain emis-
sions in sub-Saharan agroecosystems (Kim et al., 2016; Pelster et al.,
2017; Rosenstock et al., 2016a). However, there is no experimental
data from soil GHG ﬂuxes on integrated coffee-dairy systems, despite
this commodity's importance for livelihoods in the East African high-
lands. Furthermore, the diversity of smallholder agriculture challenges
the mission of targeting GHG measurements at multiple scales
(Rosenstock et al., 2016b). Despite their small areas, farms in our
study include cash crops (coffee), food crops (maize and beans) and
fodder (Napier grass) for livestock, with animal manure playing a cru-
cial role for N sourcing. This study offers a ﬁrst approximation of soil
GHG emissions in these systems at multiple spatial (between farms,
among ﬁelds within farms, and between fertilised and unfertilised loca-
tions within ﬁelds) and temporal scales (between seasons, wet and dry
periods).
Restricted resources in smallholder farms lead to compromises on
resource allocation (Giller et al., 1997).We hypothesized that these pre-
cise locations receiving resources are GHG hotspots at different scales
(from the fertilised locations, to the ﬁelds receiving most of the re-
sources, and to the farms with high resource endowments). Two to six
times larger emissions were found in fertilised hotspots\\around the
perimeter of coffee trees or within planted maize rows\\ than in
unfertilised locations between trees, rows and holes. Across the differ-
ent ﬁelds in the farm, coffee had 56% to 89% larger emissions of N2O
than Napier grass, maize and beans. Kahua, with half of its farm arable
land dedicated to coffee, almost doubled the N2O emissions of Thara's
coffee plot. However, the Napier plot of Thara\\focused on dairy\\tri-
pled the emissions of Kahua's Napier plot. This suggests that farm pro-
duction strategies inﬂuence emission proﬁles, which should be
considered when upscaling at the landscape level.– and Napier grass on Thara and Kahua farms. Fertilised and unfertilised locations are
ars in the bottom graphs show daily precipitation.
Table 3
Heat map of cumulative temporal and spatial emissions (hot moments and hotspots). Darker colours indicate higher emissions.
N2O [kg N2O-N ha−
1
] CH4 [kg CH4-C ha−
1
] CO2 (t CO2-C ha
−1) 
Farm Cropping system Treatment First 
season 
Second 
season 
Dry 
period
Wet 
period
First 
season
Second 
season 
Dry 
period
Wet 
period
First 
season
Second 
season 
Dry 
period
Wet 
period
Annual
Thara Coffee Fertilised 0.94 0.62 0.1 1.41 1.53 0.53 −1.88 0.49 −1.83 −1.34 4.88 2.88 1.65 5.69 7.55
Unfertilised 0.17 0.18 0.04 0.29 0.33 −1.4 −2.32 −0.79 −2.77 −3.64 2.98 2.05 1.24 3.48 4.87
Total plot 0.65 0.45 0.08 0.98 1.08 −0.2 −2.04 0 −2.19 −2.22 4.16 2.56 1.5 4.85 6.53
Maize and beans   Fertilised 0.26 0.32 0.04 0.5 0.56 −0.67 −2.21 −0.45 −2.24 −2.78 3.07 2.64 0.9 4.52 5.57
Unfertilised 0.11 0.11 −0.03 0.25 0.22 −1.97 −2.48 −1.31 −3.07 −4.41 2.8 2.16 0.86 3.86 4.83
Total plot 0.13 0.14 −0.02 0.29 0.27 −1.77 −2.44 −1.18 −2.94 −4.17 2.84 2.23 0.86 3.96 4.95
Napier grass Fertilised 0.63 0.41 0.24 0.73 1.01 1.06 −5.69 0.24 −5.37 −4.88 6.65 3.79 3.08 6.59 10.06
Unfertilised 0.42 0.26 0.2 0.43 0.65 −1.6 −1.03 −0.89 −1.55 −2.53 5.05 2.77 2.51 4.8 7.56
Total plot 0.44 0.27 0.21 0.46 0.69 −1.36 −1.45 −0.79 −1.89 −2.75 5.19 2.86 2.56 4.96 7.79
(All) Total farm 0.48 0.31 0.15 0.60 0.77 −1.03 −1.72 −0.58 −2.07 −2.70 4.66 2.71 2.08 4.84 7.15 
Kahua Coffee Fertilised 1.89 0.49 0.11 2.24 2.37 −0.09 −3.22 −1.23 −1.87 −3.20 5.6 2.73 1.74 6.17 8.12
Unfertilised 0.74 0.3 0.1 0.9 1.02 −1.14 −2.63 −0.71 −2.9 −3.69 4.35 2.62 1.64 4.88 6.74
Total plot 1.49 0.42 0.11 1.77 1.89 −0.46 −3.02 −1.05 −2.23 −3.38 5.16 2.69 1.7 5.72 7.64 
Maize and beans Fertilised 0.28 0.38 −0.02 0.65 0.64 −1.47 −1.42 −0.91 −1.87 −2.84 5.28 4.22 1.48 7.52 9.24
Unfertilised 0.04 0.07 −0.01 0.11 0.10 −1.11 −2.47 −0.51 −2.87 −3.47 3.49 2.45 1.00 4.69 5.81
Total plot 0.07 0.11 −0.01 0.19 0.18 −1.16 −2.31 −0.57 −2.72 −3.38 3.76 2.72 1.07 5.11 6.33 
Napier grass Fertilised 0.2 0.02 0.05 0.16 0.22 −1.82 0.12 −0.94 −0.56 −1.60 4.84 3.83 1.86 6.4 8.46 
Unfertilised 0.1 0.09 0.01 0.17 0.18 −0.43 −2.89 −0.12 −3.1 −3.27 3.63 2.83 1.44 4.78 6.34 
Total plot 0.11 0.08 0.01 0.17 0.19 −0.54 −2.65 −0.18 −2.9 −3.14 3.73 2.91 1.47 4.91 6.51 
(All) Total farm 0.79 0.25 0.05 0.97 1.03 −0.59 −2.78 −0.67 −2.54 −3.29 4.45 2.77 1.52 5.34 7.05 
AnnualAnnual
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of East Africa. However the GHG emissions in the present study were in
the range of the low-input smallholder systems of other East African
studies. Rosenstock et al. (2016a) found cumulative N2O emissions
ranging from 0.4 to 3.9 kg N2O-N ha−1 yr−1 depending on the cropping
system and region. Pasture sites in that study emitted above 2 kg N2O-
Nha−1 yr−1, which is higher than the emissions recorded in the present
study's coffee plots at 1.08 to 1.89 kgN2O-Nha−1 yr−1. High cumulative
emissions are partially due to large pulses of N2O during certain events.
While in pastures these peaks are explained by animal urea and faeces
deposition, animals in our study were kept in zero-grazing stalls and
the N inputs in soils were human-driven. N2O ﬂuxes from fertilisation
ranged from 20 to 570 μg N2O-N m−2 h−1 in the present study, thus
within the range of other Kenyan studies, e.g. Millar et al. (2004);
slightly higher than in low-input smallholder systems (Rosenstock et
al., 2016a; Pelster et al., 2017); and lower than dung and urine applica-
tions in Western Kenya pastures (up to 1076 mg N2O-N m−2 h−1)
(Tully et al., 2017).
Soil CO2 ﬂuxes were clearly seasonal, with emission rates increasing
from rewetting to a decrease after the onset of the rainy seasons. LowCO2 ﬂuxes during dry periods are due to minimal microbial activity,
but also to the absence of plants (not yet planted) and thus no root res-
piration. Thismay be the reasonwhy theﬂuxes remained slightly higher
in perennial plots (coffee and Napier grass) than in annuals (maize and
beans). The cumulative CO2 ﬂuxes in the present study ranged between
4.4 and 7.8 t CO2 -Cha−1 yr−1, which is within the range of other small-
holder East African studies (Rosenstock et al., 2016a; Pelster et al.,
2017).
The cumulative N2O emissions found in the present study in Central
Kenyawere lower than those found in other Arabica coffee regions glob-
ally. For instance, with inorganic fertilisation rates above 250 kg N ha−1
in Costa Rica, Hergoualc'h et al. (2012) found 4.3 to 5.8 kg N2O-N ha−-
1 yr−1 in coffee monoculture and coffee agroforestry systems shaded
by N2-ﬁxing trees respectively. These emissions are 2–2.5 times higher
than the ones found in Central Kenya. Low N2O ﬂuxes in the present
study may be due to low-quality inputs driving N immobilisation (e.g.
manure with a high C/N ratio). N immobilisation is seen in African pas-
tures, where grasses with poor N content may lead to high C/N excreta
in livestock (Giller et al., 1997). This feedback loop may lead to even
higher C/N ratios in following seasons (Haynes and Williams, 1993;
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Kenya, livestock diets and feeds often also have low N and low digest-
ibility (Ruﬁno et al., 2006). On top of that, the addition of crop residues
and weeds to the manure heap also increases the C/N ratio of the ma-
nure. Therefore, poor livestock diets and crop residues may lower N2O
emissions from manure applications in soils. The availability of labile C
may also be a factor to consider in the control of N2O emissions
(Hickman et al., 2014a, 2014b), and differences in manure qualities
originating fromdifferent composting practicesmay induce further var-
iability in terms of emissions. Although no differenceswere found in the
quality of manure from different systems, a high NH4 content, high
water content and low C/N ratio were likely to induce higher emission
rates.
Soils with low pH result in higher losses of N in the form N2O
(Bakken et al., 2012), due to N2O reductase inhabitation during denitri-
ﬁcation leading to a higher N2O:N2 ratio (Knowles, 1982). High manure
loadingsmay increase soil pH in the acidic soils of the area of thepresent
study, thus acting as a buffer for N2O emissions. However,manure appli-
cations are also expected to increase soil organic carbon, thus stimulat-
ing microbial activity and reducing the N2:N2O ratio during
denitriﬁcation (Davidson et al., 2000). Low N2O emissions may be also
explained by a decrease in gas diffusivity, which even leads to N2O con-
sumption (Arah et al., 1991). The soils in the present study are heavily
textured, with clay content above 70%. This could lead to signiﬁcant
N2O consumption in periods of no N applications. Negative N2O ﬂuxes
were found in our study, especially during dry periods which coincide
with no N fertilisation. N2O can be consumed during nitriﬁcation, but
also during denitriﬁcation (Schlesinger, 2013; Wrage et al., 2004; Wu
et al., 2013). Net negativeﬂuxes have been broadly reported in the liter-
ature, but with little information on the extent of the reasons behind
them (Chapuis-Lardy et al., 2007).
Dick et al. (2008) found that cereals systems, fertilised with both or-
ganic manure and urea, emitted signiﬁcantly less N2O (0.8 kg N2O-
N ha−1 per year) than plots receiving no organic manure (1.5 kg N2O-
N ha−1 per year). However, the present study found that manure and
fertiliser applications added together had the highest peak and cumula-
tive ﬂuxes in both the incubation experiment and coffee ﬁeld condi-
tions. This was probably due to the highest N application of all
treatments, combined with changes in soil moisture. An optimum
water-ﬁlled pore space (WFPS) of 60–80% could partially explain
these ﬁeld observations (Davidson et al., 2000; Van Lent et al., 2015),
which occurred in the middle of the long rainy season combined with
an optimum substrate for denitriﬁcation. Rewetting of the soil from
dry periods behaves in a similar way to the Birch effect for soil respira-
tion (Birch and Friend, 1956), and contributes to hot moments for N2O
(such as those from fertilisation) since it offers ideal conditions for the
transition from microbial oxygen to NO3 respiration (Groffman et al.,
2009). During high rainfall, higher soil moistures may be reached,
with the major end product of denitriﬁcation being N2 (Butterbach-
Bahl et al., 2013).
N2O emission factors can range from 0 to 7.8% globally (Bouwman,
1996), with 1% suggested by IPCC for its Tier 1 approach. Our study is
consistent with most of the studies in SSA, which have shown N2O EF
to be under 1% of total N inputs (Baggs et al., 2006; Brümmer et al.,
2008; Chapuis-Lardy et al., 2007; Chikowo et al., 2004; Kimetu et al.,
2006; Mapanda et al., 2011; Pelster et al., 2017; Tully et al., 2017).
Since emission factors are annual estimates, they should account for
hot moments. Capturing hot moments requires experimental designs
which follow management practices (e.g. fertilisation through the
year) (Oktarita et al., 2017). Furthermore they can be improved by tak-
ing soil texture, crop type and precipitation regime into account, but
there are still few measurements in SSA to account for these variations
(Hickman et al., 2014a, 2014b).
GHG calculators are usually fed with default EF and model parame-
ters coming from developed countries (Olander et al., 2014) and thus
may not accurately estimate soil GHG emissions in SSA farming systems(Richards et al., 2016). Almost 90% of the ﬁeld measurements and incu-
bation experiments in the present study were below CFT and the IPCC
default Tier 1 estimations. This study found coffee carbon footprints
(CF) one order lower than those estimated with GHG calculators
(Noponen et al., 2012; Ortiz-Gonzalo et al., 2017). Since marketing sus-
tainable low-carbon coffeemay beneﬁt smallholder farmers, these tools
and EFs need to be revised for tropical regions.
The relevance of the experimental design should be noted, with
chambers allocated in different farms, crops and fertilised and
unfertilised areas in order to capture spatial variability at multiple
scales. It is known that smallholders allocate resources in different
ways and there is an intrinsic fertility range even within plots and
farms (Tittonell et al., 2010). The emission factors being developed
take into account the ﬂuxes from both the treatments and the controls.
High emissions in the controls may induce a low EF in the treatments,
since the control is subtracted from the treatment. The present study
did ﬁnd spatial differences between fertilised and unfertilised areas in
coffee and maize and bean plots, suggesting that low EFs are not an ar-
tefact of controlswith high ﬂuxes. However, N is quitemobile, and some
other methodological issues in this analysis may reduce the accuracy of
the estimates. Some pulses of N2Omay be not captured (“hotmoments”
within a day), and therefore cumulative emissions may be
underestimated. To overcome this issue, measurements were taken
daily for seven days after fertilisation during the central hours of the
day. Since denitriﬁcation hotspots have large spatial variability, the
samples covered much of the area with 10 chambers per plot in
fertilised and unfertilised treatments, with the variance between repli-
cates then estimated. However, gas pooling was not suitable to pick
up differences at smaller scales such as thosewithin fertility treatments
(e.g. rows or plants). Variability at small scales also reside in biophysical
differences such as soil bulk density and texture, micro-environmental
conditions (temperatures and moisture), micro differences of soil or-
ganic carbon, root systems and microbial activity, among others
(Butterbach-Bahl et al., 2016).
Mitigation options in smallholder systems should be achieved with-
out adversely affecting the yield. Improvements in coffee management
would further reduce yield-scaled emissions while increasing produc-
tion of coffee (Noponen et al., 2012). Although more long-term studies
are needed, balancing organic manure-N and inorganic N may increase
yields and mitigate soil N2O emissions, as found in some other sub-Sa-
haran African studies (Dick et al., 2008; Nyamadzawo et al., 2017). Fur-
thermore, the recycling of nutrients in smallholder crop-livestock is
largely dependent on manure. Given its importance in the region, fur-
ther studies should explore manure management systems (MMS) and
how to achieve good quality manures while reducing nutrient losses.
5. Conclusions
This study is a ﬁrst attempt to estimate soil GHG emissions in small-
holder integrated dairy-coffee systems in East Africa. Although intensi-
ﬁcation processes are already occurring inMurang'a – small farms sizes,
livestock in zero-grazing stalls and increased N inputs in cropping sys-
tems – GHG emissions in our study remained low, within the range of
low-input, rain-fed systems in East Africa. Given the complexity of
smallholder farming systems – with numerous farm components and
resource interactions – capturing temporal and spatial variability be-
comes a challenge. We applied a stratiﬁcation of farms on its different
production systems, targeting ﬁelds with different resource allocations,
and continuously measuring in fertilised and unfertilised locations
throughout seasonal events. Our results showed signiﬁcant differences
in magnitudes of ﬂuxes across space (within the ﬁeld, between farm
ﬁelds and between farms) and time (between seasons). However, this
approach is costly and labour intensive. Recent empirical data generated
along sub-Saharan Africa will help to calibrate emission factors (EFs)
and models to reduce uncertainties of soil GHG emissions estimations.
Our results are consistent with most of the GHG studies which showed
338 D. Ortiz-Gonzalo et al. / Science of the Total Environment 626 (2018) 328–339limited soil EFs below the default IPCC's 1% in the region. Advances to-
ward accounting for multifunctionality in integrated systems are also
needed to guarantee a comprehensive understanding of synergies and
trade-offs of low-emission development in sub-Saharan Africa.Acknowledgements
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